Numerous studies have shown that people have difficulty performing two tasks at the same time (for a review, see Pashler, 1998) . One of the most common ways to examine this dual-task interference is to have participants perform two tasks (T1 and T2), with the stimulus onset asynchrony (SOA) between the stimuli for the first (S1) and second (S2) tasks varied. A speeded response for each task (R1 and R2, respectively) is required, and response time (RT1 and RT2) is measured from the onset of the appropriate stimulus until a response for the task is made. Typically, RT2 increases as SOA decreases, a phenomenon called the psychological refractory period (PRP) effect (see Kieras, 1997b, and Pashler, 1994 , for reviews). The dominant view of the PRP effect is that the effect is primarily due to a response-selection bottleneck: Response selection for T2 cannot begin until that for T1 is completed (Pashler, 1994 (Pashler, , 1998 .
Many attempts have been made to eliminate the PRP effect by reducing the response-selection requirements of the two tasks through providing extensive practice (Van Selst, Ruthruff, & Johnston, 1999) or using highly compatible stimulus and response sets (Smith, 1967) . Although the PRP effect tends to be reduced for highly practiced or compatible tasks, the effect has rarely been eliminated entirely (see Lien & Proctor, in press , for a review). Assuming that the PRP effect is due to a response-selection bottleneck present in all tasks, one would expect that the effect could be reduced but not eliminated by increasing the efficiency of response selection for the two tasks (Pashler, Johnston, & Ruthruff, 2001 ).
However, Greenwald (1972; Greenwald & Shulman, 1973) proposed that there are situations in which response selection can be bypassed and the PRP effect eliminated. He and his colleagues distinguished ideomotor compatibility from stimulus-response (S-R) compatibility, using S-R compatibility to refer to situations in which "natural or highly learned associations are involved" (Greenwald & Shulman, 1973, p. 70) and ideomotor compatibility to refer to situations in which, in addition, the "stimulus resembles sensory feedback from the response" (Greenwald & Shulman, 1973, p. 70) . By this criterion, saying "left" or "right" in response to the auditory word left or right is classified as an ideomotorcompatible task, but moving a switch to the left or right in response to the same words is not. According to Greenwald, the responses for two ideomotor-compatible tasks can be directly activated, bypassing any limited-capacity response-selection processing and thus eliminating dual-task interference.
To obtain evidence for this proposition, Greenwald and Shulman (1973) examined the effect of ideomotor compatibility with a standard PRP paradigm. For T1, a left or right movement of a switch was made to visual stimuli, which could be either the word left or right or a left-or right-pointing arrow (as depicted in Figure  1 , which is reprinted from their article). For T2, the spoken response, A and B in one condition and one and two in the other condition, was made to the auditory stimuli A and B. The SOAs used in Greenwald and Shulman's Experiment 1 were 0, 100, 200, 300, 500, and 1,000 ms. Four S-R combinations of T1 and T2 were varied (see Figure 1) . The conditions of movement responses to arrow directions and verbal responses A and B to auditory stimuli A and B were referred to as ideomotor-compatible tasks (shortened by Greenwald and Shulman to IM tasks) , whereas the conditions of movement responses to the words left and right and of verbal responses one and two to auditory stimuli A and B were referred to as stimulus-response-compatible tasks (SR tasks).
In Greenwald and Shulman's (1973) Experiment 1, the instructions stressed that S2 always followed S1, even though on some trials the two stimuli occurred simultaneously. In that experiment, RT2 showed substantial PRP effects of approximately 100 ms for all groups, with that for the group in which both tasks were ideomotor compatible (the IM-IM group) being 89 ms. However, Greenwald and Shulman noticed that RT1 tended to increase as SOA increased, particularly when at least one of the tasks was ideomotor compatible. Assuming that participants might trade off processing capacity between T1 and T2, they analyzed the average of RT1 and RT2 as a function of SOA. The results showed that the three groups for which one or both tasks were not ideomotor compatible exhibited PRP effects, but the group for which both tasks were ideomotor compatible showed a nonsignificant PRP effect. However, as Greenwald and Shulman (1973) noted, Even when averaged for the 2 tasks, reaction times at the 0-msec. interval for this condition averaged 18 msec. slower than for the 1,000-msec. control condition. This difference, although not statistically reliable, F(1, 32) ϭ 1.64, p Ͻ .20, seemed large in light of the no-difference prediction. (p. 73) Greenwald and Shulman (1973) hypothesized that the instruction that S2 would always follow S1 may have inadvertently caused participants in their Experiment 1 to adopt a strategy of imposing a constant input or output processing order on the two tasks. This strategy would result in an unnecessary delay for R2 at the short SOAs, which would produce the observed PRP effect for RT2. Consequently, in their Experiment 2, Greenwald and Shulman instructed participants that most often the two stimuli would be presented simultaneously. In addition, the 300-and 500-ms SOA blocks were replaced with blocks in which only one of the two tasks was performed. In their Experiment 2, the IM-IM group showed no indication of a PRP effect, regardless of whether RT2 was analyzed alone or the average of RT1 and RT2 was used as the measure. On the basis of these results, Greenwald and Shulman concluded that the dual-task interference was eliminated when both tasks were ideomotor compatible but returned when one or both tasks were replaced by S-R-compatible tasks.
Although a significant PRP effect was obtained in Greenwald and Shulman's (1973) Experiment 1 when RT2 was analyzed alone, and only in their Experiment 2 was the effect absent, their study has often been cited with at most minor qualification as showing that the PRP effect was absent when the two tasks were ideomotor compatible. This oversimplification of Greenwald and Shulman's (1973) findings began with their own abstract, which stated that "the psychological refractory period (PRP) effect of interference between 2 choice reaction time tasks at short intertask intervals was eliminated when both of the tasks were ideomotor compatible" (p. 70). Similar citations can be found in recent articles that describe the elimination of the PRP effect with two ideomotor-compatible tasks in Greenwald and Shulman's study using only minor qualifier phrases such as "largely abolished" or "virtually eliminated" (e.g., De Jong, 1997; Meyer & Kieras, 1997a; Pashler, 2000) . Although Greenwald and Shulman's findings have had a continued impact on the PRP literature, the oversimplification of their results has inadvertently led to a more unquestioning acceptance of the claim that the PRP effect is eliminated for ideomotor tasks than is justified empirically.
Not only did one of Greenwald and Shulman's (1973) two experiments show a PRP effect on RT2 with two ideomotorcompatible tasks, but another study by Brebner (1977) did as well. In Brebner's experiment, participants placed their fingertips on solenoid-operated response buttons. The stimulus was upward pressure on one fingertip from the solenoid located underneath it, and the response was to press that button with the stimulated finger. In the condition in which T1 required a left-hand response and T2 required a right-hand response, a significant PRP effect of approximately 105 ms was obtained. Thus, Brebner's results suggest that use of two ideomotor-compatible tasks is not sufficient to eliminate the PRP effect.
In addition, the left-and right-pointing arrows Greenwald and Shulman (1973) used for S1 were presented at the left and right Greenwald and Shulman's (1973) study. RT ϭ response time; ISI ϭ interstimulus interval. From "On Doing Two Things at Once: II. Elimination of the Psychological Refractory Period Effect," by A. G. Greenwald and H. G. Shulman, 1973, Journal of Experimental Psychology, 101, p. 71. Copyright 1973 by the American Psychological Association. Reprinted with permission of the author.
sides of the screen, respectively. Consequently, the arrow stimuli contained two correlated spatial cue components, making it impossible to determine whether the effects attributed to ideomotor compatibility were due to the relation between the switch movement and arrow direction, arrow location, or both. That is, although the mapping of arrow directions to switch movements was emphasized in classifying the task as ideomotor compatible in their study (see Figure 1) , as well as Greenwald's (1972) , a left-right arrow-location distinction complemented the left-right arrowdirection distinction. This fact was mentioned in the Apparatus section of Greenwald's (1972) article: "The arrows were displaced 3.0 cm horizontally from center screen in the left and right direction, respectively" (p. 53). It also was alluded to in Greenwald and Shulman's (1973) General Discussion section: "IM compatibility was operationalized as . . . giving a spatial (switch movement) response to a spatial visual cue (positioned arrow)" (p. 76). Even though Greenwald and Shulman instructed their participants to respond to arrow direction, the physical left-right location of the arrow may have played a significant role in the reported elimination of the PRP effect.
In summary, Greenwald and Shulman's (1973) study has been cited widely as demonstrating that the PRP effect is eliminated when two tasks are ideomotor compatible because the responses are directly activated and bypass the normal response-selection processing. However, the remainder of the extensive PRP literature shows little evidence that the PRP effect can be entirely eliminated (see Lien & Proctor, in press , for a review), and even Greenwald and Shulman's results, particularly the RT2 data in their Experiment 1, do not provide unambiguous support for such a claim. The PRP effect was obtained for RT2 in the IM-IM group of their Experiment 1, a fact that has been largely neglected. Given that Greenwald and Shulman's study is cited as the primary evidence that the PRP effect is eliminated when two tasks are ideomotor compatible, and given that their data are equivocal, it seems necessary to obtain a clear answer to the question of whether or not a PRP effect is absent under conditions similar to those they examined. The purpose of the current experiments was to obtain this answer.
The two tasks used in all experiments described here were those used by Greenwald and Shulman (1973) , with the exception that the arrow stimuli for T1 were presented in the center of the screen in Experiments 1-3. All experiments involved the instructions of Greenwald and Shulman's Experiment 2, which stated that most often the two stimuli would occur simultaneously. We used these instructions because Greenwald and Shulman argued that these instructions were the crucial factor distinguishing their Experiment 2, in which the PRP effect was not obtained for the IM-IM condition, from their Experiment 1, in which the effect was obtained when RT2 was analyzed alone. We used the SOAs of their Experiment 1 (0, 100, 200, 300, 500, and 1,000 ms) in our Experiment 1 because if instructions emphasizing simultaneous stimulus presentation are crucial, then the PRP effect should not be obtained for the IM-IM group. Because the PRP effect was obtained, each subsequent experiment involved an increasingly closer approximation of the specific method of Greenwald and Shulman's Experiment 2. The major change for Experiment 2 was to reduce the SOAs to those used in Greenwald and Shulman's Experiment 2 (0, 100, 200, and 1,000 ms). Experiments 3 and 4 focused only on the critical IM-IM group. Otherwise, Experiment Experiment 1 Experiment 1 examined whether the PRP effect could be eliminated when ideomotor-compatible tasks were used for T1 and T2, as in Greenwald and Shulman's (1973) study. As in their experiments, T1 required left-right unimanual movements to the visual words left and right (the SR condition) or visual left-right-pointing arrows (the IM condition), and T2 required vocal responses of A and B (the IM condition) or one and two (the SR condition) to the auditory stimuli A and B. The same SOAs as in Greenwald and Shulman's Experiment 1 were used but with the instructions of their Experiment 2, which emphasized simultaneous presentation of the stimuli. All participants were also instructed to respond to the arrow direction on T1, as in Greenwald and Shulman's experiments. However, the property of left-right arrow location in their experiments was removed in the present Experiment 1, in which the arrow stimuli were presented at the center of the screen. If the relation between arrow direction and direction of response movement is ideomotor compatible, as depicted in Figure 1 , and if the instructions of simultaneous presentation are crucial to the discrepancy of the results between Greenwald and Shulman's Experiments 1 and 2, then no PRP effect should be found in the IM-IM condition when the arrows are presented at a single, centered location and the instructions stress simultaneous presentation. On the other hand, if response selection is mandatory even when ideomotor compatibility is present, then a PRP effect should be present even in the IM-IM condition.
Method
Participants. Forty undergraduate students, ranging in age from 18 to 23 years and enrolled in introductory psychology courses at Purdue University, participated in partial fulfillment of course requirements. Ten participants were assigned randomly to each of the four dual-task combinations. All participants were required to have normal or corrected-tonormal vision.
Apparatus and stimuli. Stimulus presentation, timing, and data collection were controlled through IBM-compatible microcomputers driven by Micro Experimental Laboratory Version 2.0 (MEL 2.0) software (Schneider, 1995) . T1 involved the visual word left or right (the SR condition) or a visual left-or right-pointing arrow (the IM condition) presented in the center of the screen. A left or right movement response to the direction of visual stimuli on T1 was made with a modified flight joystick in which a response was measured in a discrete rather than continuous manner. The flight joystick was connected to the first and fifth keys of the MEL 2.0 standard serial response box and placed at the center of the table. Participants were asked to grasp the joystick handle with their dominant hand and to place their other hand on the base of the joystick to stabilize it. T2 was an auditory stimulus A or B that was created by the MEL 2.0 program and was presented through a Labtec LVA8550 headset with an attached microphone. The auditory stimuli were equated for rise times, amplitudes, and durations. Responses for T2 were made by saying "A" to A and "B" to B (the IM condition) or "one" to A and "two" to B (the SR condition) into the microphone that was connected to the voice key of the response box.
The arrows measured 1.4 cm in width and 0.8 cm in height and were displayed in the center of the screen. At a viewing distance of 55 cm, each arrow subtended a visual angle of 1.46°ϫ 0.83°. The words left and right were 0.8 cm in height and 1.8 cm and 2.3 cm in width, respectively, and were presented in the same locations as the arrows. The word left subtended a visual angle of approximately 1.87°ϫ 0.83°, and the word right subtended 2.39°ϫ 0.83°. All visual stimuli were presented in white on a black background monitor.
Design and procedure. A between-subjects 2 ϫ 2 factorial design with the compatibility conditions (SR and IM) for T1 and T2 was used to form four task combinations (SR-SR, SR-IM, IM-SR, and IM-IM). Each participant completed 18 regular blocks of 20 trials each and 1 practice block of 24 trials. The SOAs, which were constant within blocks, were varied over the six values of 0, 100, 200, 300, 500, and 1,000 ms, with T1 onset always preceding or being simultaneous with the onset of T2. Within each of three subsets of 6 blocks of trials, the six SOA conditions each appeared once, in a random order. Within each block, each of the four possible stimulus combinations appeared equally often in a random order. For the visual words, the four stimulus combinations were left with A, left with B, right with A, and right with B. For the visual arrows, the combinations were a left-pointing arrow with A, a left-pointing arrow with B, a right-pointing arrow with A, and a right-pointing arrow with B.
The first trial in each block was initiated by the experimenter, who pressed the space bar of the keyboard when a press the space bar to begin the experiment instruction appeared on the screen. One thousand milliseconds later, the visual word or arrow (S1) was displayed in the center of the screen until participants made R1, and then it disappeared. The auditory stimulus (S2) followed S1 after one of six SOAs and lasted for 500 ms, which was the standard duration of all discrete speech created by the MEL program. The identity of each spoken response to the auditory stimulus was entered into the computer by the experimenter, who pressed the 1, 2, or 0 key on the computer keyboard for A, B, or no response, respectively, for the IM-IM and SR-IM groups and for one, two, or no response, respectively, for the SR-SR and IM-SR groups. Feedback for incorrect responses (incorrect T1/T2 response) was presented in the center of the screen for 1,000 ms. The following trial was presented 1,000 ms after the offset of the feedback message.
Participants were instructed that most often the two stimuli on each trial would be presented simultaneously, and they were not given any expectation about which stimulus appeared first. They were asked to respond to each stimulus as quickly and accurately as possible. Only correct trials with both RT1s, and RT2s greater than 100 ms and less than 2,000 ms were included in the RT data. The proportion of errors (PE) for each task (PE1 and PE2) was determined without regard to whether the response for the other task was correct.
Results
Mean RT1 and RT2, as well as the combined average of RT1 and RT2, are shown in Figure 2 , and the corresponding PE data are shown in Table 1 . Each measure was analyzed as a function of T1 condition (SR or IM), T2 condition (SR or IM), and SOA (0, 100, 200, 300, 500, or 1,000 ms). All results in the present study were significant at the alpha level of .05 unless specifically noted otherwise.
Task 1 RT and PE. The main effects of T1 condition and T2 condition were significant for RT1, F(1, 36) ϭ 11.59, MSE ϭ 41,543, and F(1, 36) ϭ 8.75, MSE ϭ 41,543, respectively, but their interaction was not. Mean RT1 was 90 ms shorter when T1 was the IM task than when it was the SR task, and 78 ms shorter when T2 was the IM task than when it was the SR task. The main effect of SOA was significant, F(5, 180) ϭ 10.36, MSE ϭ 2,093, as well as the interaction with T1 condition, F(5, 180) ϭ 8.16, MSE ϭ 2,093. RT1 was shorter at the shortest and longest SOAs (see Figure 2 ). In addition, the differences in RT1 between the SR and IM tasks were 110, 139, and 127 ms at the 0-, 100-, and 200-ms SOAs, respectively, and decreased to 71, 40, and 51 ms at the 300-, 500-, and 1,000-ms SOAs. Individual analyses showed a significant main effect of SOA for each group, Fs(5, 45) Ն 7.46. Although there was no consistent pattern of RT1 across SOAs for each group, RT1 tended to be longer in the 100-to 500-ms-SOA range. No effects in the PE1 data were statistically significant.
Task 2 RT and PE. Similar to RT1, the main effects of T1 condition and T2 condition were significant for RT2, F(1, 36) ϭ 6.95, MSE ϭ 42,253, and F(1, 36) ϭ 44.41, MSE ϭ 42,253, respectively, but their interaction was not. Mean RT2 was 70 ms shorter when T1 was the IM task than when it was the SR task, and 177 ms shorter when T2 was the IM task than when it was the SR task. The main effect of SOA was significant, F(5, 180) ϭ 81.28, MSE ϭ 1,697. RT2 was 170 ms shorter when SOA increased from 0 ms to 1,000 ms. This indicates that a sizable PRP effect was obtained. The interaction of SOA and T2 condition was significant, F(5, 180) ϭ 3.07, MSE ϭ 1,697. The differences in RT2 between the SR and IM tasks were 188, 213, and 185 ms at the 0-, 100-, and 200-ms SOAs, respectively, and decreased to 153, 160, and 162 ms at the 300-, 500-, and 1,000-ms SOAs. Another way to describe the interaction of SOA and T2 condition is that the PRP effect was 183 ms when T2 was the SR task but 157 ms when T2 was the IM task. Separate analyses of variance (ANOVAs) of RT2 for each group showed a significant main effect of SOA for the IM-IM group, as well as for the other three groups, Fs(5, 45) Ն 12.21. The SOA effect reflects that PRP effects were evident for all groups. The PRP effects were 222, 149, 143, and 164 ms for the SR-SR, SR-IM, IM-SR, and IM-IM groups, respectively.
The PE data for both tasks are shown in Table 1 . PE2 showed significant main effects of T2 condition, F(1, 36) ϭ 4.72, MSE ϭ 0.0045, and SOA, F(5, 180) ϭ 2.42, MSE ϭ 0.0007. Participants committed fewer errors when T2 was the IM task than when it was the SR task (PEs ϭ .03 and .05, respectively). Moreover, PE2 decreased from .05 to .03 as SOA increased from 0 ms to 1,000 ms. As in the RT2 data, T2 condition interacted significantly with SOA, F(5, 180) ϭ 3.62, MSE ϭ 0.0007, with the difference in PE2 between the SR and IM tasks being .042 at the 0-ms SOA and decreasing to .008 at the 1,000-ms SOA. Another way to describe the interaction was that the PRP effect in the PE2 data was .034 when T2 was the SR task but was 0 when T2 was the IM task. Individual ANOVAs were carried out for each group. PE2 showed a significant main effect of SOA for the SR-SR group, F(5, 45) ϭ 2.54, MSE ϭ 0.0009, and the IM-SR group, F(5, 45) ϭ 2.69, MSE ϭ 0.0006, but not for the IM-IM and SR-IM groups. PRP effects were .03 for the SR-SR group and .02 for the IM-SR group. This indicates that the PRP effect was evident when T2 was the SR task but not when it was the IM task, regardless of whether T1 was an IM or SR task.
Average RT and PE. RT1 and RT2, as well as PE1 and PE2, were averaged on each trial, as in Greenwald and Shulman's (1973) experiments, and the average RT and PE data were analyzed. The averaged RT data showed significant main effects of T1 condition, F(1, 36) ϭ 11.28, MSE ϭ 33,839, and T2 condition, F(1, 36) ϭ 28.75, MSE ϭ 33,839, as well as their interactions with SOA, F(5, 180) ϭ 8.22, MSE ϭ 1,017, and F(5, 180) ϭ 3.14, MSE ϭ 1,017, respectively. Average RT was 80 ms shorter when T1 was the IM task than when it was the SR task, and 127 ms shorter when T2 was the IM task than when it was the SR task. In addition, the differences in average RT between the SR and IM tasks in T1 were 94 ms and 115 ms at the two shortest SOAs and then decreased to 55 ms and 49 ms at the two longest SOAs. Similarly, when T2 was the SR task rather than the IM task, average RTs were 134 ms and 149 ms longer at the two shortest SOAs; differences in average RTs then dropped to 124 ms and 104 ms at the two longest SOAs.
The main effect of SOA was significant as well, F(5, 180) ϭ 44.12, MSE ϭ 1,017, with the average RT being longer as SOA decreased. This indicates that the PRP effect was evident. Individual ANOVAs of average RT showed that the main effect of SOA was significant for each group, Fs(4, 45) Ն 7.46, indicating that the PRP effect appeared for each group (see Figure 2) . PRP effects were 147, 90, 76, and 70 ms for the SR-SR, SR-IM, IM-SR, and IM-IM groups, respectively.
For the average PE data, the main effect of SOA, F(5, 180) ϭ 2.68, MSE ϭ 0.0005, and its interaction with T2 condition, F(5, 180) ϭ 2.87, MSE ϭ 0.0005, were significant. Error rate tended to decease as SOA increased (mean differences ϭ .04, .034, .032, .029, .025, and .026, respectively, for the 0-, 100-, 200-, 300-, 500-, and 1,000-ms SOAs). In addition, the difference in average PE between the SR and IM tasks in T2 decreased from .03 to .01 as the SOA increased from 0 ms to 1,000 ms. Another way to describe the interaction between SOA and T2 condition in the average PE is that the PRP effect was .025 when T2 was the SR task but only .004 when T2 was the IM task. Individual analyses showed that the main effect of SOA was not significant for any group, with the F ratio being greater than 1.0 only for the SR-SR and IM-SR groups. Note. The first of the task combination terms in each row refers to the task condition in Task 1, and the second refers to the task condition in Task 2. SR ϭ stimulus-response compatible; IM ϭ ideomotor compatible.
Discussion
The results of Experiment 1, which used the instructions of Greenwald and Shulman's (1973) Experiment 2, showed significant PRP effects for the SR-SR, SR-IM, and IM-SR groups, with the largest PRP effect being obtained in the SR-SR group when both RT2 alone and the average of RT1 and RT2 were analyzed. In addition, for the SR-IM and IM-SR groups, PRP effects for RT2 of 149 ms and 143 ms, respectively, were observed, along with 90 ms and 76 ms for the average of RT1 and RT2. These results are in agreement with those obtained in Greenwald and Shulman's Experiments 1 and 2. However, the results of our Experiment 1 showed significant PRP effects of 164 ms for RT2 alone and 70 ms for the average of RTs in the IM-IM group. This outcome is in contrast with the absence of a PRP effect in Greenwald and Shulman's Experiment 2, which used similar instructions indicating that most often the two stimuli would occur simultaneously.
One might argue that although responses were compatible leftright joystick movements, use of the nondominant hand to stabilize the base of the joystick in actuality made the responses ones of two-hand coordination. According to this argument, because the direction of force for the nondominant hand opposed that of the dominant hand, the resulting responses would not be truly ideomotor compatible with the arrow stimuli in the IM condition. However, studies of S-R compatibility show that responses are coded in terms of the instructed response goal (e.g., Guiard, 1983; Hommel, 1993 Hommel, , 1997 and not their physical characteristics, suggesting that the PRP effect obtained in the IM-IM condition was not due to stabilizing the joystick with the nondominant hand.
Experiment 2
Experiment 1 used the instructions of Greenwald and Shulman's (1973) Experiment 2 (that most often the two stimuli would be presented simultaneously), which they argued were crucial to eliminating the PRP effect in the IM-IM condition. However, the results of Experiment 1 showed PRP effects for all groups, including the IM-IM group, both when RT2 was analyzed alone and when the average of RT1 and RT2 was used. Thus, elimination of the PRP effect in Experiment 2 of Greenwald and Shulman's study was apparently not due directly to the use of "simultaneous" instructions, as they suggested. Although Greenwald and Shulman (1973) emphasized the difference in instructions between their Experiments 1 and 2, they not only adopted the simultaneous instructions in Experiment 2 but also removed the 300-and 500-ms SOAs "in order to appear consistent with these instructions" (p. 73). Thus, elimination of the PRP effect in their Experiment 2 could have been a consequence of the modification of the SOAs used, either alone or in conjunction with the change in instructions. Because our Experiment 1 showed a large, statistically significant PRP effect with the simultaneous instructions, we conducted Experiment 2 with the same instructions but used only the SOAs from Greenwald and Shulman's Experiment 2. Thus, our Experiment 2 involved an experimental design similar to that of our Experiment 1, but with only the three shortest SOAs (0, 100, and 200 ms) and the longest SOA (1,000 ms) used.
Method
Participants. Fifty-two undergraduates at Purdue University, ranging in age from 17 to 45 years, participated in this experiment for course credit. Thirteen participants were randomly assigned to each group. They all had normal or corrected-to-normal vision and had not participated in Experiment 1.
Apparatus, stimuli, and procedure. The apparatus, stimuli, and procedure were the same as in Experiment 1, but with the primary difference that only the 0-, 100-, 200-, and 1,000-ms SOAs were used in this experiment. The number of trials per block (20) and the number of blocks per SOA (3) remained the same as in Experiment 1, meaning that the total number of blocks was reduced from 18 to 12.
Results
Task 1 RT and PE. Individual RT1 and RT2 for the two tasks, as well as the combined average of RT1 and RT2, are shown in Figure 3 . The main effects of T1 condition and T2 condition were significant for RT1, F(1, 48) ϭ 14.03, MSE ϭ 26,000, and F(1, 48) ϭ 6.67, MSE ϭ 26,000, respectively, but their interaction was not. Mean RT1 was 83 ms shorter when T1 was the IM task than when it was the SR task, and 57 ms shorter when T2 was the IM task than when it was the SR task. The main effect of SOA was significant, F(3, 144) ϭ 45.86, MSE ϭ 1,570, as well as the interaction with T2 condition, F(3, 144) ϭ 4.37, MSE ϭ 1,570. RT1 was shorter at the shortest SOAs and the longest SOAs than the other two, intermediate SOAs (Ms ϭ 555, 585, 610, and 524 ms, respectively, for the 0-, 100-, 200-, and 1,000-ms SOAs). Moreover, RT1 was 65, 77, and 65 ms longer when T2 was the SR task than when it was the IM task at the 0-, 100-, and 200-ms SOAs but only 25 ms longer at the 1,000-ms SOA. Individual RT1 analyses for each group showed a significant main effect of SOA for each group, Fs(3, 36) Ն 7.22, with RT1 being shorter at the shortest and longest SOAs than the other two, intermediate SOAs.
The PE data for both tasks are shown in Table 2 . PE1 showed that the main effect of SOA was significant, F(3, 144) ϭ 3.35, MSE ϭ 0.0006. The error rate was .03 for the 100-, 200-, and 1,000-ms SOAs but was .04 for the 0-ms SOA. No other effects were found.
Task 2 RT and PE. Similar to RT1, the main effects of T1 condition and T2 condition were significant for RT2, F(1, 48) ϭ 8.37, MSE ϭ 77,139, and F(1, 48) ϭ 21.99, MSE ϭ 77,139, respectively, but their interaction was not. Mean RT2 was 111 ms shorter when T1 was the IM task than when it was the SR task, and 181 ms shorter when T2 was the IM task than when it was the SR task. The main effect of SOA was significant, F(3, 144) ϭ 89.47, MSE ϭ 3,068. RT2 was 168 ms shorter when SOA increased from 0 ms to 1,000 ms. This indicates that a statistically significant PRP effect was obtained. The interaction between SOA and T1 condition was significant, F(3, 144) ϭ 19.61, MSE ϭ 3,068. Differences in RT2 between the SR and IM tasks were 158, 137, and 140 ms at the 0-, 100-, and 200-ms SOAs and decreased to only 10 ms at the 1,000-ms SOA. Individual ANOVAs of RT2 for each group showed a significant main effect of SOA for the IM-IM group as well as the other three groups, Fs(3, 36) Ն 12.67. The SOA effect reflects that PRP effects were evident for all groups. The PRP effects were 271, 213, 104, and 85 ms for the SR-SR, SR-IM, IM-SR, and IM-IM groups, respectively (see Figure 3) . PE2 showed a significant main effect of SOA, F(3, 144) ϭ 3.14, MSE ϭ 0.0008, with the error rates being .04 for the 100-and 1,000-ms SOAs and .05 for the 0-and 200-ms SOAs. Individual ANOVAs of PE2 for each group showed a significant main effect of SOA for the SR-IM group, F(3, 36) ϭ 3.08, MSE ϭ 0.0007, but not for the other three groups. In the SR-IM group, error rates for T2 were .05, .03, .03, and .06, respectively, for the 0-, 100-, 200-, and 1,000-ms SOAs. No other effects were found.
Average RT and PE. The analyses of averaged RT1 and RT2 showed significant main effects of T1 condition, F(1, 48) ϭ 12.72, MSE ϭ 38,933, and T2 condition, F(1, 48) ϭ 18.97, MSE ϭ 38,933, as well as their interactions with SOA, F(3, 144) ϭ 16.40, MSE ϭ 1,152, and F(3, 144) ϭ 6.30, MSE ϭ 1,152, respectively. Average RT was 98 ms shorter when T1 was the IM task than when it was the SR task, and 120 ms shorter when T2 was the IM task than when it was the SR task. In addition, the differences in average RT between the SR and IM tasks in T1 were 129, 110, and 109 ms at the three shortest SOAs and then decreased to only 42 ms at the longest SOA. Similarly, the differences in average RT between the SR and IM tasks in T2 were 125, 141, and 125 ms at the three shortest SOAs, decreasing to 86 ms at the longest SOA. In other words, the PRP effect was 119 ms when T2 was the SR task and 80 ms when it was the IM task. The three-way interaction of T1 condition, T2 condition, and SOA was not significant.
The main effect of SOA was significant as well, F(3, 144) ϭ 104.47, MSE ϭ 1,152, with the average RT being 99 ms shorter as the SOA increased from 0 ms to 1,000 ms. This indicates that the PRP effect existed in these dual-task conditions. Individual ANOVAs of average RT showed that the main effect of SOA was significant for each group, Fs(3, 36) Ն 17.59, indicating that the PRP effect appeared for each group (see Figure 3) . PRP effects on average RTs were 176, 109, 62, and 50 ms, respectively, for the SR-SR, SR-IM, IM-SR, and IM-IM groups.
For average PE, the main effect of SOA, F(3, 144) ϭ 3.42, MSE ϭ 0.0006, was significant, with the error rate being higher at the 0-and 200-ms SOAs than at the 100-and 1,000-ms SOAs (Ms ϭ .044, .034, .042, and .031, respectively, for the 0-, 100-, 200-, and 1,000-ms SOAs). Individual analyses of average PE Note. The first of the task combination terms in each row refers to the task condition in Task 1, and the second refers to the task condition in Task 2. SR ϭ stimulus-response compatible; IM ϭ ideomotor compatible.
showed that the main effect of SOA was not significant for any group.
Discussion
The results of Experiment 2, in which only the three shortest SOAs and one longest SOA from Experiment 1 were used, showed a PRP effect for all groups, with the effect being largest in the SR-SR group, intermediate in the SR-IM and IM-SR groups, and smallest in the IM-IM group. Although the size of the PRP effect in the IM-IM group was reduced relative to Experiment 1, it was still substantial (85 ms for RT2 alone and 50 ms for the average of RT1 and RT2). Because the SOAs, as well as the instructions, were the same as those used in Greenwald and Shulman's (1973) Experiment 2, the elimination of the PRP effect for the IM-IM group in their Experiment 2 apparently cannot be attributed to either the simultaneous instructions or the specific SOAs used.
Experiment 3
Another change that Greenwald and Shulman (1973) made from their Experiment 1 to Experiment 2 was to add blocks of singletask trials for each task in place of the dual-task blocks with 300-and 500-ms SOAs. Although they did not suggest that this methodological change contributed to the elimination of the PRP effect for the IM-IM group in their Experiment 2, it is possible that intermixing single-task trials could affect how participants perform on dual-task trials. Because the inclusion of single-task blocks is another methodological difference between our Experiments 1 and 2 and Greenwald and Shulman's Experiment 2, we conducted Experiment 3 to examine whether we could eliminate the PRP effect for the IM-IM group by intermixing single-task blocks with the dual-task blocks, as Greenwald and Shulman did. Only an IM-IM group was tested in our Experiment 3 because it was the only group for which Greenwald and Shulman found no PRP effect.
Method
Participants. Because only the IM-IM condition was used in this experiment, the total number of participants was 10, the same as the number within each condition of Experiment 1 and Greenwald and Shulman's (1973) experiments. The participants were from the same undergraduate participant pool as in Experiments 1 and 2, and none had participated in either of those experiments.
Apparatus, stimuli, and procedure. The apparatus, stimuli, and procedure were similar to those of Experiment 2, with one difference being that only the IM-IM condition was used in this experiment. Of most importance, blocks of single-task trials for T1 and T2 were intermixed with the blocks of dual-task trials. As in Experiment 2, there were three subsets of trial blocks. Each subset contained blocks for each of the four SOAs in the dual-task and the two single-task conditions, with the order of conditions being randomly determined within each subset and for each participant. The number of trials in each block (20) was the same as in Experiment 2, with the total number of blocks increased from 12 to 18. Figure 4 , and PEs are shown in Table 3 . RTs for the IM-IM group in Experiment 2 are included in Figure 4 , and PEs in Table 3 , for purposes of comparison. The main effect of SOA was significant for RT1 in the dual-task conditions, F(3, 27) ϭ 8.97, MSE ϭ 1,464, with RT1 being longest at the 200-ms SOA and shortest at the shortest and longest SOAs (RT1s ϭ 502, 539, 577, and 501 ms, respectively, for the 0-, 100-, 200-, and 1,000-ms SOAs). For each SOA in the dual-task conditions, RT1 was compared with RT in the single-task conditions. The results showed that RT1 was longer in the dual-task conditions than in the single-task conditions for all SOAs, Fs(1, 9) Ն 6.73, MSEs Յ 2,510 (mean differences ϭ 58, 95, 132, and 58 ms for the 0-, 100-, 200-, and 1,000-ms SOAs, respectively). The PE1 data showed no significant effects.
Results

Task 1 RT and PE. The RTs for both tasks in Experiment 3 are shown in
Task 2 RT and PE. Similar to RT1, the main effect of SOA in the dual-task conditions was significant for RT2, F(3, 27) ϭ 11.82, MSE ϭ 2,124. RT2 was 119 ms shorter when the SOA increased from 0 ms to 1,000 ms (RT2s ϭ 643, 589, 561, and 524 ms for the 0-, 100-, 200-, and 1,000-ms, SOAs, respectively). This indicates that a sizable PRP effect was obtained. Comparisons of RT2 at each SOA with RT in the single-task conditions showed RT2 to be significantly longer in the dual-task conditions than in the singletask conditions for the three shortest SOAs, Fs(1, 9) Ն 6.87, MSEs Յ 3,401 (mean differences ϭ 132, 78, and 50 ms at the 0-, 100-, and 200-ms SOAs, respectively). However, at the longest SOA, RT2 was not significantly different from the single-task conditions, F Ͻ 1.0 (mean difference ϭ 13 ms). No effects in the PE2 data were statistically significant.
Average RT and PE. The main effect of SOA was significant for the average of RT1 and RT2 in the dual-task conditions, F(3, 27) ϭ 5.69, MSE ϭ 1,402, reflecting that a sizable PRP effect of 60 ms was obtained (Ms ϭ 573, 564, 569, and 513 ms for the 0-, 100-, 200-, and 1,000-ms SOAs, respectively). The average of PE1 and PE2 showed no statistically significant effects.
Discussion
In addition to using the same instructions and SOAs as Greenwald and Shulman's (1973) Experiment 2, we intermixed singletask blocks with the dual-task blocks in Experiment 3. Yet, we still obtained significant PRP effects of 119 ms for RT2 alone and 60 ms for the average or RT1 and RT2 in the IM-IM condition. A comparison of the PRP effect for the IM-IM groups in Experiments 2 and 3 showed no significant interaction of experiment with SOA for RT2 alone or the average of RT1 and RT2, Fs Ͻ 1.0. Thus, inclusion of single-task blocks has little, if any, impact on the PRP effect obtained in dual-task blocks.
Experiment 4
Another two differences in the experimental design between Greenwald and Shulman's (1973) Experiment 2 and our Experiments 1 to 3 were that (a) the arrow stimuli used by Greenwald and Shulman were 2.3 cm in width and 0.5 in height, whereas our arrow stimuli were 1.4 cm in width and 0.8 cm in height, and (b) the arrow stimuli in Greenwald and Shulman's experiment were presented 3.0 cm horizontally left and right from center screen, whereas our arrow stimuli were presented in the center of the screen. Although Greenwald and Shulman described their manual IM task as involving switch movements mapped to arrow direction, the left-and right-pointing arrows were also distinguished by a physical left-right location distinction. Therefore, in Experiment 4, left-pointing arrows were presented in the left location and right-pointing arrows in the right location to determine whether this additional left-right location distinction in T1 was responsible for the elimination of the PRP effect in the IM-IM condition of their Experiment 2 but not in our experiments.
Method
Participants. Ten undergraduates at Purdue University, ranging in age from 18 to 32 years, participated in this experiment for course credit. They all had normal or corrected-to-normal vision and had not participated in previous experiments.
Apparatus, stimuli, and procedure. The apparatus, stimuli, and procedure were similar to those of Experiment 3, with two major changes. One was that the arrow stimuli were 2.3 cm in width and 0.8 cm in height, approximately the same size as the arrows in Greenwald and Shulman's (1973) experiments. At the viewing distance of 55 cm, each arrow subtended a visual angle of 2.39°ϫ 0.83°. The other change from Experiment 3 was that, for T1, the left-pointing arrow was presented 3 cm to the left of the center of the screen and the right-pointing arrow 3 cm to the right of the center.
Results
Task 1 RT and PE. The RTs for both tasks in Experiment 4 are shown in Figure 4 , along with the data for the IM-IM groups in Experiments 2 and 3. The PEs are shown in Table 3 , along with the data for the IM-IM groups in Experiments 2 and 3. The main effect of SOA was significant for RT1 in the dual-task conditions, F(3, 27) ϭ 4.53, MSE ϭ 1,475, with RT1 being longest at the 300-ms SOA and shortest at the shortest SOA (RT1s ϭ 408, 440, 470, and 446 ms for the 0-, 100-, 200-, and 1,000-ms SOAs, respectively). RT1 for each SOA in the dual-task conditions was significantly longer than RT in the single-task conditions, Fs(1, Note. Average ϭ average of error proportion for Task 1 and Task 2.
9) Ն 15.12, except for the shortest SOA. The PE1 data showed no significant effects. Task 2 RT and PE. Similar to RT1, the main effect of SOA in the dual-task conditions was significant for RT2, F(3, 27) ϭ 10.78, MSE ϭ 1,915. RT2 was 106 ms shorter when the SOA increased from 0 ms to 1,000 ms (RT2s ϭ 544, 503, 520, and 438 ms, respectively, for the 0-, 100-, 200-, and 1,000-ms SOAs). This indicates that a statistically significant PRP effect was obtained.
Comparisons of RT2 at each SOA with RT in the single-task conditions showed that RT2 was significantly longer in the dualtask conditions than in the single-task conditions for the three shortest SOAs, Fs(1, 9) Ն 6.87, but not for the longest SOA. No effects in the PE2 data were statistically significant.
Average RT and PE. The main effect of SOA was significant for the average of RT1 and RT2 in the dual-task conditions, F(3, 27) ϭ 4.56, MSE ϭ 1,055, reflecting that a sizable PRP effect of 34 ms was obtained (Ms ϭ 476, 472, 495, and 442 ms for the 0-, 100-, 200-, and 1,000-ms SOAs, respectively). The average of PE1 and PE2 showed no statistically significant effects.
Discussion
In Experiment 4, we used similar-sized arrow stimuli as S1 and presented the arrow stimuli in a left or right location, as in Greenwald and Shulman's (1973) Experiment 2. Yet, we still obtained significant PRP effects of 106 ms for RT2 alone and 34 ms for the average of RT1 and RT2 when the two tasks were ideomotor compatible. As might be expected on the basis of physical location being highly compatible with left-right joystick responses and with the left-right arrow direction, RT1 was faster in this experiment than in the previous experiments. A comparison of Experiment 3, in which the arrow was presented in the center of the screen, and Experiment 4, in which the arrow was presented 3.0 cm to the left or right of center screen, showed RT1 to be significantly faster in Experiment 4 than in Experiment 3, F(1, 18) ϭ 10.28, MSE ϭ 15,379. Most important, though, the comparison of the PRP effect between Experiments 3 and 4 showed no significant interaction of experiment with SOA on RT2 alone or the average of RT1 and RT2. In other words, no reliable difference was found in the PRP effect across the two experiments. Thus, inclusion of physical location information has little, if any, impact on the PRP effect obtained in dual-task blocks.
General Discussion Greenwald and Shulman's (1973) study has been widely cited as showing that the PRP effect is eliminated when two tasks are ideomotor compatible (e.g., Brebner, 1977; De Jong, 1995 , 1997 Meyer & Kieras, 1997a Pashler, 1998 Pashler, , 2000 Schumacher et al., 1999; Van Selst et al., 1999) . However, their Experiment 1, in which the instructions specified that S2 always followed S1, showed a significant PRP effect on RT2 of 89 ms for the IM-IM group, although this effect was reduced to a nonsignificant 18 ms when the average of RT1 and RT2 was analyzed. Only their Experiment 2, in which the instructions stated that most often the two stimuli on each trial would be simultaneous, showed no PRP effect for the IM-IM group, either when RT2 was analyzed alone or when it was averaged with RT1.
For several reasons, Greenwald and Shulman's (1973) study does not provide strong evidence that the PRP effect is eliminated when two tasks are ideomotor compatible. First, their two experiments offer conflicting outcomes, with one showing a PRP effect for the IM-IM group when RT2 was analyzed alone and the other not. One cannot be sure that either of these outcomes is replicable under the conditions in which they were obtained. Second, even if the results of both experiments are replicable, Greenwald and Shulman's interpretation that there is no PRP effect for the IM-IM combination relies on a strong assumption: The PRP effect in Experiment 1 is an artifact of the instruction that S2 would always follow S1, and the absence of the PRP effect in Experiment 2 is the valid measure of the extent to which two IM tasks can be performed concurrently. Third, although Greenwald and Shulman regarded the instructions as being the crucial methodological factor differentiating their Experiment 2 from their Experiment 1, their experiments also differed in the SOAs included and in whether or not single-task blocks were intermixed with the dualtask blocks. Thus, it is not apparent which, if any, of these variables is responsible for eliminating the PRP effect in their Experiment 2 but not their Experiment 1 when RT2 was analyzed alone (as in standard PRP studies).
Present Findings
We conducted four experiments to determine whether we could replicate the elimination of the PRP effect for IM-IM tasks reported by Greenwald and Shulman (1973) and, if so, which aspect of their methodology is responsible for this elimination. In Experiments 1-3, the arrow stimuli for T1 were presented in the center of the screen, rather than in left and right locations, to examine whether the PRP effect could be eliminated when the physical location of the arrow stimuli was excluded. Our Experiment 1 included the six SOAs used in Greenwald and Shulman's Experiment 1 but used the simultaneous instructions of their Experiment 2. The results showed significant PRP effects of more than 100 ms for all groups, with the effects in the IM-IM group being 164 ms for RT2 alone and 70 ms for the average of RT1 and RT2.
A closer procedure to Greenwald and Shulman's (1973) Experiment 2 was adopted in our Experiment 2, with only the three shortest SOAs (0, 100, and 200 ms) and the longest SOA (1,000 ms) being used. The results showed a significant PRP effect for all groups, with the effect in the IM-IM group being 85 ms for RT2 alone and 50 ms for the average of RT1 and RT2. In our Experiment 3, only the IM-IM combination from Experiment 2 was used, and single-task conditions were intermixed randomly with the dual-task conditions, as in Greenwald and Shulman's Experiment 2. The results again showed significant PRP effects for the IM-IM group of 119 ms for RT2 alone and 60 ms for the average of RT1 and RT2. Comparison of the PRP effect in the IM-IM group for Experiments 2 and 3 showed no significant difference in the magnitude of the effect.
In Experiment 4, the left-pointing arrow was presented to the left of center screen and the right-pointing arrow to the right of center screen, and the arrow stimuli were similar in size to those used by Greenwald and Shulman (1973) . Even with the left and right location distinction, the results again showed significant PRP effects, in this case 106 ms for RT2 alone and 34 ms for the average of RT1 and RT2. Comparison of the PRP effects for Experiments 3 and 4 showed no significant difference in their magnitudes. Thus, neither instructing participants that most often S1 and S2 would be presented simultaneously (Experiments 1-4), nor using only 0-, 100-, 200-, and 1,000-ms SOAs (Experiments 2-4), intermixing single-and dual-task trial blocks (Experiments 3-4), or presenting the arrow stimuli in left and right locations (Experiment 4), seemed to be responsible for the absence of a PRP effect for the IM-IM group in Greenwald and Shulman's Experiment 2. Greenwald and Shulman (1973) proposed that dual-task interference is, at least in part, due to the overloading of responseselection processing (see also Pashler, 1994) . They argued that the IM-IM condition produced no PRP effect in their Experiment 2 (for which instructions did not emphasize the order of the two stimuli) because each task did not require the normal process of translating stimuli into arbitrarily assigned responses. Greenwald and Shulman suggested that the stimulus for each task in the IM-IM condition activated a mental code that was already in the correct format for the response. In other words, no response selection was necessary for either task.
Implications
The data from our Experiments 1 to 4 showed consistently that a PRP effect was evident when both RT2 alone and the average of RT1 and RT2 were analyzed in close replications of Greenwald and Shulman's (1973) experiments. Thus, our results are consistent with those of their Experiment 1 in showing a significant PRP effect on RT2 alone when the two tasks were ideomotor compatible. If, as suggested by Greenwald and Shulman, the absence of the PRP effect for the IM-IM group in their Experiment 2 was due to instructing participants that most often the stimuli for the two tasks would be presented simultaneously, then a significant PRP effect should not be evident with those instructions in our experiments. The contention that the elimination of PRP effects is due entirely to the types of tasks used, as most citations of Greenwald and Shulman's study imply, is not supported by the results of Experiments 1-4. Assuming that response selection is the locus of the PRP effect, the fact that the PRP effect was evident for the IM-IM groups in all four of our experiments is inconsistent with Greenwald and Shulman's hypothesis that S-R translation, or response selection, is bypassed in IM tasks.
The increasing function of RT1 as SOA increased in both Greenwald and Shulman's (1973) Experiment 2 and our Experiment 4 suggests that participants attempted to group responses for both tasks, holding R1 and initiating it with R2 simultaneously at the nonzero SOAs (see Allen, Smith, Vires-Collins, & Sperry, 1997, and Pashler, 1984 , for detailed discussions). The instructions emphasizing simultaneous presentation of the two tasks used in both Greenwald and Shulman's Experiment 2 and our four experiments may have caused participants to group responses for both tasks, thus resulting in slower RT1 as SOA increased. If participants were grouping responses, as the data suggest, taking the average of RT1 and RT2 and examining it as a function of SOA as an indication of the PRP effect is not an appropriate method. Rather, the usual measure for estimating the PRP effect, RT2, is the most appropriate one for determining the presence of the PRP effect in both Greenwald and Shulman's study and the present study. Greenwald and Shulman's (1973) logic also seems to imply that there should be no PRP effect when an IM task is combined with a non-IM task that requires S-R translation processing. In other words, if the PRP effect is eliminated because S-R translation is bypassed and the stimulus code serves as the response code, then, when only one of the two tasks is ideomotor compatible, the non-IM task should have full access to S-R translation without any interference from the IM task. Yet, Greenwald and Shulman's Experiments 1 and 2, as well as our Experiments 1 and 2, showed PRP effects for all conditions in which one of the two tasks was ideomotor compatible.
In addition, studies conducted by Kantowitz and Knight (1976) and Klapp, Porter-Graham, and Hoifjeld (1991) demonstrated that concurrent performance of a non-IM manual tapping task could interfere with an IM speech-shadowing task (saying the two-digit number that was just heard), and vice versa. For example, Kantowitz and Knight manipulated the difficulty of the tapping task by using narrow or wide target plates and asked participants to tap a stylus alternately on two target plates in time with a visual timing light at a rate of two taps per second. The difficulty of the digit-naming task was varied by requiring participants to say digit names in response to the presented digits following four rules: name the presented digit, name the digit one less than the presented digit, name the digit three more than the presented digit, and name the digit obtained by subtracting the presented digit from nine. The presence of either the easy or difficult tapping task reduced the mean number of correct digit naming responses relative to a no tapping control condition. This interfering effect did not interact with the nature of the naming task, indicating that the interference was as large with the IM task of naming the presented digit as it was with the non-IM task of transforming the presented digit. If the IM digit-naming task required no S-R translation, then performance of that task should not have been disrupted by non-IM tapping task, and vice versa. In summary, the data from Kantowitz and Knight and Klapp et al., as well as those from our study and the studies of Brebner (1977) and Greenwald and Shulman (1973, RT2 data in Experiment 1), show that ideomotor compatibility is not sufficient for eliminating the PRP effect.
Although ideomotor compatibility is not sufficient to eliminate the PRP effect, it imparts some advantage to dual-task performance: Responses tend to be faster overall and the PRP effect smaller when both tasks are ideomotor compatible. The fact that ideomotor compatibility improves dual-task performance but does not eliminate the PRP effect can be explained by a theoretical position that views response selection as consisting of at least two components: activation of a response code and intentional response selection (Hommel, 1998; Kornblum, Hasbroucq, & Osman, 1990; Lien & Proctor, in press ). Kornblum et al.'s dimensional overlap model of S-R compatibility is explicit in distinguishing the two components. According to this model, the stimulus and response sets for each task in the present study have dimensional overlap because they are conceptually similar. However, the degree of dimensional overlap is higher for the S-R sets classified as ideomotor compatible because they are also physically, or perceptually, similar. In terms of the model, automatic activation of the response code corresponding to the stimulus code occurs to the extent to which there is dimensional overlap. Because ideomotor compatibility yields higher dimensional overlap than does S-R compatibility, it produces a greater strength of activation of the response code. However, according to the dimensional overlap model, this activation does not serve as a sufficient basis for initiating a response. Rather, an intentional response selection based on the task-defined mapping must occur, against which the activated response is verified. In other words, an act of response selection is required for all choice reaction tasks, regardless of whether they are ideomotor compatible or not, and ideomotor compatibility serves to strengthen the activation of the response code. Hommel (1998) proposed a similar distinction between response activation and final response selection to account for crosstalk effects between T1 and T2 in the PRP paradigm. Specifically, he showed in several experiments that when the stimulus and response sets for one task involve dimensional overlap with those for the other task, the stimuli for either task tend to activate the responses for the other task (see also Lien & Proctor, 2000; Lien, Schweickert, & Proctor, 2001; Logan & Schulkind, 2000) . Hommel attributed this between-tasks crosstalk to automatic response activation, which he distinguished from the final act of response selection. His major point was that response activation for the two tasks occurs in parallel and that final response selection is the bottleneck that produces the PRP effect. Similar to Kornblum et al.'s (1990) model, an IM task will produce stronger response activation than a task that is S-R compatible. However, both types of tasks require an act of response selection based on that activation. Because intentional response selection is required for T1 and T2 even if the S-R relation for each task is ideomotor compatible, a significant PRP effect will be evident.
An implication of the two-component view of response selection is that it should not be possible to eliminate the PRP effect unless processing of T1 has been completed quickly before the start of final response selection for T2 at the short SOA. This latent response selection bottleneck may lead to the disappearance of the PRP effect when RT1 is short at the short SOA (see Ruthruff, Johnston, & Van Selst, 2001 , for detailed discussions). As already indicated, a significant PRP effect has been reported consistently when one or both tasks are ideomotor compatible, with the exception of Greenwald and Shulman's (1973) Experiment 1 (when the average of RT1 and RT2 was used as a measure of the PRP effect) and Experiment 2 (both when RT2 was analyzed alone and when the average of RT1 and RT2 was used). Because we were unable to replicate their finding with experiments designed to incorporate many of the factors that might be necessary to eliminate the PRP effect, the result of their Experiment 2 should be regarded as an anomaly unless subsequent research reveals conditions under which absence of the PRP effect can be replicated. Numerous studies have provided participants with extended practice in performing dual tasks with the intent of determining whether practice eliminates the PRP effect. The typical finding has been that there is a residual PRP effect that is not eliminated (e.g., Gottsdanker & Stelmach, 1971; Ruthruff, Johnston, & Van Selst, 2001; Van Selst et al., 1999) . Thus, the vast majority of studies provide evidence that the PRP effect is resistant to elimination by high compatibility or practice (see Lien & Proctor, in press , for a review). Pashler (1998 Pashler ( , 2000 has cited two studies in addition to that of Greenwald and Shulman (1973) as showing no PRP effect. One is an unpublished study by Koch (1994) in which the PRP effect was not evident when a highly S-R-compatible (but not ideomotorcompatible) visual-manual task was used. Because this study is not widely available, its validity is difficult to evaluate. The other is an experiment by Pashler, Carrier, and Hoffman (1993) in which T1 required a manual button-push response to a high-or lowpitched tone and T2 required a saccadic eye movement toward a visual stimulus presented to the left or right on a display screen. The eye-movement response for T2 was made 205 ms earlier than the tone-task response for T1 at the 50-ms SOA, without any indication of slowing the manual response that occurred second. Consequently, Pashler et al. argued that response selection for the eye-movement task was not delayed until response selection for the tone task was completed, and vice versa. However, RT for the eye-movement response increased significantly from 194 ms to 245 ms when the SOA decreased from 750 ms to 50 ms, as in the typical PRP study, leading Pashler et al. (1993) to conclude that "the results rule out any suggestion that eye movements are free of interference from unrelated tasks that involve quite different sorts of motor responses" (p. 75). Because R2 at short SOAs was delayed but made before R1, the data are ambiguous, and interpretation of the findings is not straightforward.
Recently, Schumacher and his colleagues (Schumacher et al., 2001) suggested that people can simultaneously perform two non-IM tasks with little interference when they are highly motivated to respond to the two tasks at the same time. In Schumacher et al.'s Experiment 1, a high-, medium-, or low-pitched tone and a visual letter (O) in one of three locations were presented at the same time (a nonstandard PRP procedure). In addition to being instructed to respond to the two tasks at the same time and not to constrain the serial order of their responses, participants were given a reward for fast and accurate performance and were penalized for incorrect responses. Results showed that there was no difference in RT between the dual-task and single-task conditions after five experimental sessions of 2,064 trials. Greenwald and Shulman (1973) also adopted a reward system in their study, in which participants were given a bonus for fast and accurate performance. Participants in our experiments were given instructions relative to the simultaneous presentation of the two stimuli, but we did not use a reward system. One task in Schumacher et al.'s study showed an average RT of 280 ms after the extensive practice trials, and RT1 in Greenwald and Shulman's Experiment 2 was approximately 350 ms; in contrast, RT1 in our study was approximately 450 ms. That leaves open the possibility that the reward system in the studies of Schumacher et al. and of Greenwald and Shulman motivated participants to respond to one of the two tasks fast enough to prevent any interference or delay in the processing of the final response selection of T2. Thus, this latent responseselection bottleneck may have led to no interference or PRP effect in the studies of Schumacher et al. and Greenwald and Shulman but not in ours.
One difficulty in evaluating the concept of ideomotor compatibility is that many tasks cannot be classified unambiguously as ideomotor compatible or not. For example, Pashler et al. (1993) classified their saccadic eye movement task as a non-IM task, presumably because eye movements have a directional component but the visual stimulus has only a location component. Yet, a saccadic eye movement to the location of a stimulus onset would seem to have the processing properties, attributed to ideomotor compatibility, of being automatic and possibly bypassing normal S-R translation (Kveraga & Hughes, 2000) . A second example concerns the task of making directional movements of a switch or joystick in response to left-and right-pointing arrows, which Greenwald and Shulman (1973) classified as ideomotor compatible. Although both the stimuli and responses in this case involve left and right directions, the visual, symbolic stimulus code does not resemble the proprioceptive feedback associated with moving the switch or joystick to the left or right. The general point of ideomotor compatibility theory is clearly correct: The degree of compatibility between conceptually similar stimulus and response sets varies as a function of the relation between the input and output modes (Lu & Proctor, 2001 ). However, clarification and refinement of the concept of ideomotor compatibility are necessary for a complete understanding of its role in single-and dual-task performance.
In summary, many previous citations of Greenwald and Shulman's (1973) study have been oversimplified in not mentioning that their Experiment 1 showed a PRP effect for two IM tasks that was significant when RT2 was used as the measure, as is standard in studies of the PRP effect. The evidence from subsequent studies-including our experiments, which followed the methods of their Experiment 2 closely-indicates that it is incorrect to state that the PRP effect is eliminated when two tasks are ideomotor compatible. Ideomotor compatibility clearly is not a sufficient condition for eliminating the PRP effect, because it has been found in the vast majority of experiments in which both T1 and T2 were ideomotor compatible. Moreover, because we were not able to replicate the absence of the PRP effect under conditions similar to those of Greenwald and Shulman's Experiment 2, it is not even clear whether there are any conditions under which the PRP effect can be reliably eliminated for two IM tasks. Future treatments of the role of ideomotor compatibility in the PRP effect should reflect the fact that two IM tasks typically show a PRP effect when performed together and the fact that ideomotor compatibility of the two tasks is not a sufficient condition for elimination of the effect.
